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Abstract-New methods are described that permit detailed analysis of the NMR spectra of calmodulin, 
an a-helical protein with a molecuh weight of 16.3 kD. Two complementary approaches have been 
used: uniform labeling with lSN and labeling of specific amino acids with either ISM or 13C. It is 
demonstrated that uniform labeling permits the recording of sensitive threedimensional (33) NMR 
spectra that show far better resolution than their conventional two-dimensional analogs. Selective I5N 
labeling of amino acids can be used for ideotlfying the trpe of amino acid, providing information that 
is essential for the analysis of the 3D spectra. Simultaneous selective labeling with both ISN and I3C can 
provide a number of unique backbone assignments from which sequential assignment can be continued. 

I t  has been well-established that solution structures 
of small proteins ((100 residues) can be determined 
by f6MR. The first and most important step of the 
NMR structure determination process is to assign 
the lH NMR spectrum of the pratein. For small 
proteins, systematic analysis of the two-dimensional 
nuclear Overhauser . effect s ~ c t r o s c ~ p y  (ZD 
NOESY) and J correlation spectra often provides 
sufficient information for oornplete structure deter- 
mination [I, 21. If necessary, remaining ambiguities 
frequently can be resolved by recording the spectra 
at several different temperatures or pH values. For 
larger proteins the analysis becomes increasingly dif- 
ficult because the density of resonances in the 2D 
spectra increases at least lineaxly with size, and also 
because the line width of individual resonances 
increases with molecular weight. Thus, complete 
analysis ofthe NMR spectrum of proteins larger than 
100 residues is often impossible when following the 
standard procedure mentioned above. The assign- 
ment problem is particularly difficult for proteins 
rich in w-helical structure, which typically show very 
narrow chemical shift dispersion for both the amide 
and the Cluprotons. On the other hand, for a given 
molecular weight, proteins rich in @-sheet lend them- 
selves more readily to comptete NMR analysis 
because of the typically rather good shift dispersion 
13-q. Here we discuss new NMR methods, all relying 
on isotopic 13C or enrichment, that can,extend 
the molecular weight range of proteins for which a 
detailed solution structure can be obtained. 
Two different approaches have been developed 

for simplifying the spectra of large proteins. The first 
approach requjresisotopic labeling of sekted amino 
acids. So-called editing expeximents permit the reg- 
ular 2D % NMR spectra of these selectively labeled 

! 

proteins to be simplified by exclusively monitoring 
interactions with protons attached to the 13C or I5N- 
labeled site [&12], Aiternafvtly, heteronuclear 
chemical. shift correlation of the labeled atoms with 
their directly or indirectly attached protons can pro- 
vide useful information. These procedures have been 
tested exhaustively for three different proteins, 
staphylococcal nuclease (17.6 kD) [ 12,131, T4 l y s e  
zyme (19 kl3) 114,151 and Streptomyces subtilisin 
inhibitor (23 kD) I16,lJJ. 

The second approach utilizes uniform labeling of 
the protein with either I5N, I3C, or both. These 
uniformly labeled protein samples permit the record- 
ing of sensitive three-dimensional heteronuclear 
NMR spectra, in which the overlap present in the 
corresponding 2D spectra is largely removed [I& 

In this study, we report our strategy for assigning 
the lH NMR spectrum of calmodulin (16.7 kD, 148 
amino acid residues). The physiological function of 
calmodulin i s  to transmit a Ca2+ signal to proteins 
inside the cell [22]. The protein is rich in a-helix and 
therefore it presents a challenge to modem NMR 
techniques, despite its relatively modest molecular 
weight. In the past, different research groups have 
applied a variety of 2D NMR techniques to cal- 
modulin and its proteoiytic fragments [23-36]. How- 
ever, complete analysis of the NMIZ spectrum of 
the intact protein has not been possible. We will 
demonstrate the combined use of heteronuclear 3D 
methods and selective labeling with 15N and/or 13C 
for assigning the 'H NMR spectrum, with special 
emphasis on the power of 3D NMR techniques for 
the analysis of achelical proteins. 

211. 

f Address reprint requests to either M. Ikura or A. Bax, 
MH, Building 2, Room 109, Bethesda, MD 20892. 

$ Present address: Centre de Biophysique MoItxdaire, 
Centre National de la Recherche Scientifique, 45071 
Orleans CBdex 2, France. 

153 

The DrosopMa calmodulin gene [31] is over- 
expressed in Escherichia coli strain AM8 using the 

i 

I.-- 



154 M. IKUM et d. 

PAS expression system which contains the temp- 
erature-sensitive phage 3. PL promoter [32].* The 
cells were grown at 32", and pnor to the stationary 
phase = 1.s1.2) the temperature was 
shifted to 42Q for thermal induction of the protein. 
Uniformly (-95%) l5N-labe1ed protein was pre- 
pared using M9 minimal medium with 15NH4Cl as the 
sole nitrogen source. Specific labeling with particular 
amino acids was carried out according to the pro- 
cedure reported by a b l e r  et d. [33]; 50-70mg of 
labeled L-amino acid(s) was added to 1.8L of cell 
culture just 15min prior to adding another Q.6L 
of the M9 medium prewarmed at 65". The protein 
induction period was 3.5 hr for uniform 15N labeling 
and 1.5 hx for specific labeling. Isolation and puri- 
fication of the protein from the cells were performed 
by a combination of procedures described previously 
{34,35]. We typically obtained 15-25 mg of the 
homogeneous protein. 

All NMR experiments reported here were per- 
formed using a 1.5 mM sample dissolved in 90% 
H@/lO% D20, 0.1 M KC1, 6.2 mM Ca2+, pH 6.2, 
45". Spectra were recorded on modified Bruker AM- 
500 and AMBO0 spectrometers. The 3D NMR spec- 
tra result from data matrices with 128 complex points 
in the F, dimension (%), 32 complex points in the 
Fz dimension (%), and 512 real points in the F3 
dimension, corresponding to acquisition times of 25, 
25 and 80 msec in the f l ,  to t2 and t3 dimension 
respectively. After zero filling, the digital resolution 
in the IF1, F2 and F3 dimension was 20,20 and 6.7 Hz 
respectively. The total recording time for each 3D 
spectrum wa 2.5 days. The 3D data sets were pro- 
cessed en a SUN-4 computer using a simple home- 
written program for the F2 Fourier transformation 
[36], combined with commercial 2D software ( N M R 2  
from New Methods Keseaxch Inc., Syracuse, NY) 
for the IF1 and F3 2D Fourier transformation. Z D  'N- 
lSN shift correlation spectra were recorded using the 
Overbodenhausen pulse sequence [37,38]. These 
correlation spectra were recorded with substantial 
timeaveraging (16 hr per spectrum) in order to also 
observe weak correlations from transaminated 
(cross-labeled) residues and to obtain accurate res- 
onance intensities. 

3D NOESY-HMQC m d  3 0  HOHAHA-HMQC Of 
W-labeled c h d u l i n  

We have used two 3D experiments that combine 
the heteronuclear multiple quantum correlation 
(HMQC) method [39,40] either with the home 
nuclear NOESY experiment [41J or with the homo- 
nuclear Hartmm-Hahn (HOHAHA) [42,43] 
method. The pulse schemes used in this study and 
the technical details regarding the recording of the 
3D NMR experiments and the data processing have 
been described ekewhere [19,36]. Figure 1 gives a 
schematic view of the heteronuclear 3D NOESY- 
HMQC spectrum. This 3D spectrum can be con- 
sidered as .a set of 2D NOESY spectra that are 

* Maune JF, Klee CB and Beckmgham K, manuscript 
in preparation. 
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Fig. 1. Schematic representation of the N - N H  region 
of the hetenmuclear 3D NOESY-HMQC spectrum. The, 
projmtions of the 3D spectrum onto the F2 = 0 plane (mr- 
responding to 2D NOESY) and onto the E, plane (cor- 
responding to 2D 'H-"N HMQC) are shown. The bottom 
half of the figim illusimites the use of "mirror image" cross 
peaks to overcome degeneracy of the 'H chemical shift of 
two amide protons (e.g peaks A and B). The cross peak 
labeled m' alone would not distinguish between CB or 
CA oonncctivity. However, the "mirror image" cross peak 
(labeled m) shows that the correlation is between C and A. 

separated along the Fz axis according to the 15N sbift 
of the  nitrogen attached to the amide proton that 
appears on the F, = F3 diagonal. The projection of 
the 3D spectrum onto the F2 = 0 plane corresponds 
to the regular 2D NOESY spectrum; the projection 
onto the F, = 0 plane corresponds to the 2D 'H- 
15N HMQC correlation spectrum. The number of 
resonances present in each (Fl, F3) NOESY slice of 
the 3D spectrum is greatly reduced relative to the 
regular 2D NOESY spectrum, solving the overlap 
problem. 
In the regular NOESY spectrum, cross peaks 

appear as pairs, at mirror image positions with 
respect to the diagnonal. In slices through the 3D 
spectrum, taken pevndicular to the F, axis (see, 
for example, Fig. 2, b and c), cross peaks only occur 
at the F3 chemical shift position of the ?A detected 
dUririg the acquisition time, t3, of the 3D experiment. 
This r d t s  from the HMQC step prior to data 
acquisition, which ensura that only amide proton 
frequencies appear in the F3 dimension. Therefore, 
fox NHXH NOE interactions, the mirror image 



Heteronuclear 3D NMR of calmodnlin 15s 

3 0  MOESY - HMQC 

lo 9Fs a 

fig. 2. (a) Aliphatic region of the homonuclear 2D WOHAHA spectrum recorded with 15N deEoupling 
of a u n i f o d y  15N-labeIed sample of 1.5 mM calmoddin. Companding regions afe shown of (FI,F,) 
slices taken at Pa = 127.2ppm from (b) the heteronudear 3D HOHAHP-HMQC s-m and (c) the 
3D NOBY-HMQC spectnun. 21) HOHAIIA and 3D HOHAHA-HMQC spectra were recorded at 
500 MHz 'H frequency; the 3D NOESY-HMQC spectrum was recorded at 600 MHz. All spectra were 
recorded at 45' and pH 6.2, in the presenae ~f 6.2mM and 100mM KCl. For the HOJ3AHA 
experiments 39-msec mixing with a WALTZ17 sequence [45] was used. For the NOESY experiment a 

12o-msec miKing period was used. 

cross peak present in 2D NOESY i s  absent in 3D 
NOESY-HMQC spectra. However, fox two inter- 
acting amide protons (Fig. I), the ''mirror images" 
with respect to the F1= F3 diagonal [44] are found 
in the two planes that correspond to the ISN Fz 
frequencies of the two amides. The pxesence of this 
mirror image is  extremely useful because it yields 
unambiguous NOE correlations between resonances 
present in the 2D lH-I5N shift correlation spectrum, 
i.e. for every M-NH NOE interaction four fre- 
quency coordinates determine the position of the 
two "mirror image" cross peaks, the two 'H chemical 
shiEls and the two "5N chemical shifts. 

Figure 2 compares a small region of the regular 
2D HOIlAHA spectrum of calmodulin with slices 
taken from the 3D ROHAH&HMQC and the 3D 
NOESY-HMQC spectra. Cornparison of panels (a) 
and @) shows the dramatic spectral simplification 
that is obtained with the 3D method. Figure 2 also 
indicates that the sensitivity of the 2D and 3D 
methods is comparable. Note that the cross peaks 
between the Lys-'l& NR resonance and the Ca and 
C@ protons (marked by arrows) could not be ident- 
ified uniquely in the ZD HOHAHA spectnun 
because the Lys-21 NH proton shift overlaps with 
several other protons. This is the case for the vast 
majority of the NH proton resonances, most of them 
present in the 7.5-8.5 ppm region, as expected for a 
protein rich in whelk To make a detailed analysis 
of the NMR spectrum of such a protein, i t  is essential 
to improve resonance separation in this region. Since 

most of the NE3 resonances between 7.5 and 8.5 ppm 
are reasonably well-resolved in the 2D 1H-'5N shift 
correlation spectrum (Fig. 4b), spreading the 2D 
spectrum in a third (I5N) dimension provides an ideal 
avenue for removing resonance overlap. Thus, with 
the 15N 313 approach, overlap of amide proton res- 
onances in the fingerprint region can be removed 
almost completely. 
In the 3D NOESY-HMQC slice shown in Fig. 

2c, relatively strong ClrH,-NH,+~ (d*) NOES are 
observed fox Phe-99/&.-100 and for Thr-26/Kle-27, 
whereas intraresidue CaEI-NH; NOES are very 
weak. This NOE pattern is characteristic for 
extended ,!3 strand confomations, and indeed these 
residues are parts of two short antiparallel Fsheets, 
present between Ca2+ binding loops X and II and 
between loops XII and IV i23,28,46]. 

On the other hand, rw-helices exhibit relatively 
strong NOE interactions between sequential amide 
protons (dNN connectivity) and weak dw  come^ 
tivity. Analysis of the N&-N&+I cross peaks in the 
75-85 ppm region is  therefore necessary to obtain 
sequential assignments of NR protons in a-helices. 
Figure 3 illustrates this assignment procedure for the 
residues Phe-68 to Met-72. As mentioned before, 
unambiguous identification o€ NQ-NH, + cross 
peaks can be made based on symmetric pairs of cross 
peaks (labeled a and a' for Phed8fiu-69, b and b' 
for Leu-69/Thr-70, and c and cJ for Thr-70/Met-71). 
Despite the removal of overlap in the 3D spas, 
analysis of NUE connecthities is still very laborious 
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Fig. 3. Example of sequential assignment via NH,-NH,+, 
connectivities in the heteronuclear 3D NOESY-HMQC 
spectrum. Four different dices were taken at lSN chemical 
shifts of 123.4, 118.9, 115.1 and 121.5 ppm, corresponding 
to the ’% chemical shifts of Phe-68, Leu-@, m-70 and 
Met-71 respxtively. These slices illustrate the sequential 
connectivtres for residues Phe-68 to Met-72. The “mirror 
image’’ cross peaks (mentioned in the text) are labekd a 
and a’ for Phe-68/Zeu-69, b and b’ for LRu-69fl%r-70, and 

c and c’ for Thr-;rO/Met-71. 

because of the large number of resolved cross peaks 
in the 3D NOESY-HMQC spectrum (ca. 1200 in the 
case of calmodulin). To expedite this task, we have 
developed relatively simpre computer programs to 
aid the analysis of 3D NMR spectra. So far, routines 
have been written for “pseudo 3D peak picking,” a 
program that utilizes the information of the high- 
resolution 2D %J5N correlation spectrum to dis- 
tinguish real peaks from noise and artifacts, and 
various “pattern search” programs for identifying 
NHi-N€€,+1 and C&+€&+l connectivities and 
routines that search for partimar amino acid spin 
systems. 

Specific labeling 
As demonstrated above, 313 NOESU-HMQC and 

ROWHA-HMQC methods using uniformly 15N- 
labeled calmoduh are very useful for finding 
stretches of sequential Ca-NJ3,  + and NHi-NHi + 
oonnectivities. However, for reliable sequential 
assignment it is essential to have unambiguous resi- 
due type assignments fox  a substantial number of 
backbone ‘H resonances. For smaller proteins this 
infomation usually can be extracted from the J 
connectivity experiments such as COSY and 
HOHAHA. However, for calmodulin, the 3D HQH- 
AHA-( 15N)HMQC experiment provides only very 
weak relayed connectivity between NH and CpH 
protons, making it difficult to establish the type of 
amino acid. These indirect connectivities are for the 
most part unobservable in calmodulin because for 
this size protein the ‘H line width is too large for 
efficient transmittal of J coupling information. The 
COSY and HOHAHA spectra of the protein dis- 
solved in DzO (without the amide protons present) 
show very severe overlap and relatively weak cross 
peaks because of the high molecular weight. 

To solve the problem of obtaining residue type 
assignments, two different approaches are possible. 
The first one uses incorporation in the protein of a 
small number of 15N-labeled amino acids. The NMR 
spectrum then can be edited to show ody rzsonances 
of these labeied amino acids. This technique has been 
used very extensively for the proteins staphylococcal 
nuclease [ll, 131 and T4 lysozyme [14,15]. More 
recently, a second approach has been deveIoped, 
relying on hetexmuclear 3D NMR of uniformly 13C- 
labeled proteins 147,481. This latter approach pro- 
vides eficient J correlation between vicinal protons 
by utilizing a pathway that consists of the well 
resolved IJw and ?I, couplings fox transferring 
magnetization from one spin to another. En addition, 
this method E ~ Q V ~ S  overlap by spreading the reg- 
ular COSY-type spectrum into a third dimension, 
the x3C chemical shift. Although this approach 
appears to be extremely promising, its general utility 
has not yet been proven, and here we limit our 
discussion to the selective labeling approach. 

Figure 4a shows the most crowded region of the 
‘H-”N correlation spectrum of a drnodulin sample 
labeled with [‘%]Met, [”NJGlu, and [l-13C]Lys. 
The mrrespanding region of the spectrum recorded 
fox uniformly W-labeled calrnodulin is shown in 
Fig. 4b. As expected, a comparison of these two 
spectra shows that the number of correlations in the 
selectivdy labeled SampIe is much lower. However, 
the total number of correlations observed in the 
spectrum of Fig. 4a (about 90 when the entire spec- 
trum is plotted at a low contour level) is much larger 
than the sum of the number of methionine (9) and 
glutamicacid (21) residues. This larger than expected 
number of resonances results from transamination 
and other metabolic processes that cause I5N labeling 
(at a lower level) of many other residues 149,501. 
The level of cross labeling depends strongly on the 
typ,es of amino acids involved and also on the bac- 
tend strain used and on the duration of the induction 
period. As will be discussed below, this cross labeling 
can be used to great advantage. 
The intensities in the uniformly l5N-labe1ed spec- 

tnun show some variation, caused by differences in 
(a) lH and I5N line widths, (b) hydrogen exchange 
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FG, 4. The most crowded region of the 1H-'5N correlath specuum Of 1.5 m M  CalmodUIm (a) labeled 
with ['SN]Met, ['5N]Glu, and jl-'3C]L~ and (b) uniformly IabeIed with '%. Both s p t r a  were recorded 
with the OverbodenhuasenpuIse sequence [37,38], Using acquisition times of 128 msec (t2) and 150 msw 
(ti). .  Identical Lorentziaffiaussian t2 filtering and 45" phase-shifted sinebell t l  liltexing were used for 

the two spectra. 

ram with solvent, and (c)  NH-CmHJ mu lings. The 
same factors, combined with the level of N labeling, 
determine the resonance intensity in the spe- of 
Fig. 4a. Therefore, if the ratios ofthe peak intensities 
are calculated for corresponding resonances in the 
two spectra, this ratio is expected to be constant for 
a given type of amino acid. As can be dearly seen 
in Rg. 4a, there are eight very intense correlations 
(each with a peak intensity ratio Fig. &/Fig. 4b near 
unity), all corresponding to methionine residues. A 
further malysis shows than the intensity ratios for 
GIu, Gln, Asp and Asn residues are nearly indis- 
tinguishable (all about 20%). Much lower levels of 
15N labeling are found for Phe (6%), Ser (5%), Ala 
(4%), Tyr (4%), Gly (2%), Val (1-2%), ne (1-2%), 

s Leu (1-2%), and Lys (1%)- No correlation for any 
of the other residues could be observed. 
As mentioned above, the protein reparation also 

included [l-13qLys. Because the N Q€ Met-76 is 
directly bound to the carbonyl of Lys-75, the 
resonance is expected to show the coupling 
(=5 Hz) [16,51]. Indeed this resonme is observed 
in Fig. 4a at (F1,F2) = 118.6 ppm, 7.85 ppm). How- 
ever, because of overlap of one of the two doublet 
components with. another correlation, the doublet 
appears asymmetric in intensity. This double-label- 
ing procedure [11,16] is extremely useful because it 
provides an unambiguous sequence-specific assign- 
ment for the backbone amide proton that can serve 
as an anchor point for further assignments. 

P 
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Fig. 5. The 'H-15N shift correlation spectrum of 1 .SmM calmaddin labeled with [ l 5 W 1 ,  [lSNlHis, 
[ ~ * ~ c ] P r o ,  and [l-13C]Asp. The correlations of Thr residues and of His-107 are Iabeled. The aquiition 

and processing parameters were the same as for the spectra of Wg. 4. 

Figure. 5 shows another example of a IH-l5N shift 
correlation spectrum, obtained for a sample .labeled 
with [15N]Thr, [lSM3His, [l-'3C]Fro, and [l-13C]Asp. 
In this w e ,  compmison with the spectrum of uni- 
formly l5N-1abeled calrnodulin shows that only a 
single peak (His-107) has a high level (SO%) of 
l5N labeling, whereas the Thr residues are easily 
recognized by their intermediate level (40%) of 
enrichment. The NH correlation (enlarged in the 
inset) ofresidueThr-44, adjacent to Pro-43, is cleariy 
recognized by the 'JNC doublet spiitting. There are 
several weaker cross peaks visible in the spectrum, 
presumably originating from cross labeling of 
[15pSjThr. These much weaker correlations all cor- 
respond to Gly and Ser residues, consistent with our 
results from the 3D N M  analysis. It should be 
emphasized that these independent residuetype wn- 
firmations are important for obtaining reliable 
assignments in the early phase of the spectrum rtnaly- 
sis. T h i s  particular protein prepaxation was intended 
to also incorporate [l-13C]Asp. However, the s p e ~  
trum suggests that the incorporation was unsuc- 
cessful since Thr-79 (adjacent to Asp-78, and 
idenaed at a later stage) shows up as a singlet, even 
at v e y  low contour levels, indicating that the level 
of [l-' q A s p  incorporation must have been less than 
about 20%. 

I 

I 

I 

DISCUSSION 

Below, we brieffy summarize our assignment strat- 
egy. The good spectral separation in 'H-"N cor- 
relation spectrum is crucial to our approach. For 
dmodulin, the 1H-15N correlation spectrum, when 

rewrded with the kind of technique first developed 
by Bodenhausen and Ruben [37] or variations there- 
of [38], shows that the vast majority of NH oor- 
relations are well resohed, despite a high a-hel id 
content (nearly 65% in the X-ray crystal structure). 

The first step of our analysis gives identification 
fQ) numbers to each of the correlations in the 'H- 
'N shift mela t ion  spectrum. These correlations 

&rectly correspond to the peptide backbone amide 
groups in the protein. In our case, 144 such COT- 
relations could be identified. This is a very Iarge 
number consideling that the maKimurn number of 
such correlations that might be expected for cal- 
mod& (148 residues) is 145; it contains two prolines 
and the N-terminal N H 2  group is invisible because 
its protons are in rapid exchange with solvent. For 
each ID number, the '€3 and l5N chemical shifts are 
directly available from this NH correlation spectrum. 
For nearly all ID numbers the corresponding C d  
shift could then be determined from the 3D RQH- 
AHA-HMQC spectrum, and for a much smdler 
bction the 3D spectrum a9sa yielded Cf3 proton 
shifts. The 3D NOESY-HMQC spectrum then ident- 
ifies the NH or Ca%l shift (or bolh) of the preceding 
amino acid residue, providing the start of the sequen- 
tial assignment procedure. At this stage, side chain 
spin system assignments also c o d  he made for the 
single Tyr residue and for several of the Gly, Ala, 
Thr, Val, ne, and Phe residues by using conventional 
2D homonuclear purged COSY 1521, HOHAHA, 
andNQESYspeaa recorded in D20. Many of these 
sometimes tentative residue type assignments were 
confirmed by sped% labeling experiments of the 
type described above, Specific labeling with the long 
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